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critical  for  DNA  damage  induced  activation  of  NF-kB.  Reduction  of  PIASy  through  siRNA  caused  inhibition  of  NF-kB  in  response  to  multiple 
DNA  damaging  agents  commonly  used  in  anti-cancer  therapy.  We  provide  strong  evidence  that  PIASy  is  working  at  the  level  of  NEMO 
SUMOylation  and  propose  that  PIASy  is  the  SUMO  ligase  for  NEMO.  Furthermore,  we  show  that  the  catalytic  activity  of  PIASy  is  essential 
for  NF-kB  activation  and  hence  suggest  that  inhibition  of  PIASy  may  be  used  as  a  more  specific  inhibitor  in  anti-cancer  therapy  to  treat  ER- 
breast  cancer. 
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Annual  Summary  Report 

I.  Introduction 
Background: 

Nuclear  Factor-KB  (NF-kB)  is  a  transcription  factor  that  regulates  a  diverse  subset  of  genes 
involved  in  immune  function,  growth  control,  development,  and  regulation  of  apoptosis.  NF-kB 
exists  in  the  cell  in  inactive  cytoplasmic  complexes,  with  the  predominant  complex  being 
p65/p50  dimers.  NF-kB  can  be  activated  by  a  wide  variety  of  stimuli  at  the  cell  surface  such  as 
tumor  necrosis  factor  a  (TNFa),  interleukin- 1  (IL-1),  and  lipopolysaccharride  (LPS).  NF-kB 
can  also  be  activated  in  response  to  various  DNA  damaging  agents,  such  as  ionizing  radiation 
and  Topoisomerase  II  inhibitors  (e.g.  etoposide  and  doxorubicin/adriamycin).  Activation  of  NF- 
kB  in  response  to  various  DNA  damaging  agents  is  less  rapid  than  extracellular  stimuli  and 
generally  results  in  the  activation  of  anti-apoptotic  genes.  The  early  key  molecular  events 
involved  in  NF-kB  activation  with  various  stimuli  are  diverse;  however  a  key  component  in  this 
signaling  pathway  with  most  stimuli  is  the  IKK  complex  that  is  composed  of  three  major 
proteins  in  the  cytoplasm  of  the  cell.  One  protein,  NEMO  serves  as  an  adaptor/scaffolding 
component  which  is  essential  for  IKK  complex  activity  to  ultimately  activate  NF-kB.  NF-kB 
activation  has  also  been  suggested  to  play  a  role  in  resistance  to  therapy  in  advanced  breast 
cancers.  Importantly,  estrogen  receptor  negative  (ER-)  breast  cancers  tend  to  have  high 
constitutive  levels  of  active  NF-kB  and  activate  NF-kB  in  response  to  DNA  damaging  anticancer 
agents.  It  has  been  recently  proposed  that  inhibition  of  NF-kB  may  be  a  potential  therapeutic 
target  for  ER-  breast  cancers.  As  of  now,  the  majority  of  NF-kB  inhibitors  focus  inhibiting  the 
IKK  complex.  One  potential  issue  with  inhibiting  the  IKK  complex  is  that  NF-kB  mediates  a 
variety  of  physiologically  vital  processes  besides  those  involved  in  the  regulation  of  apoptosis. 

As  a  result,  nonspecific  inhibition  of  NF-kB ’s  various  target  genes  could  allow  for  an  increased 
risk  of  side  effects  and  unpredictable  effects  on  apoptosis  of  breast  cancer  cells.  One  solution  to 
this  dilemma  is  inhibition  of  specific  NF-kB  pathways  upstream  of  IKK  activation  in  response  to 
DNA  damaging  agents.  If  one  could  selectively  inhibit  the  NF-kB  signaling  pathways  induced 
by  DNA  damaging  anticancer  agents  and  leave  other  important  NF-kB  signaling  pathways  (such 
as  TNFa  and  IL-1  signaling)  intact,  then  enhanced  cancer  cell  death  may  be  achieved  with  fewer 
side  effects 

Objective/Hypothesis:  PIASy/PIASy  is  the  SUMO  ligase  for  NEMO  and  inhibition  of  this 
specific  ligase  may  provide  a  novel  target  for  chemotherapeutic  treatment  regimens  against  ER- 
breast  cancer. 

II.  Body 

Aiml:  To  understand  the  mechanisms  governing  NEMO  SUMOylation 

In  this  grant,  we  proposed  if  PIASy  was  directly  affecting  NEMO  SUMOylation,  then  it  should 
be  able  to  enhance  NEMO  SUMOylation  in  vitro.  We  initially  showed  that  in  vitro  translated 
NEMO  in  rabbit  reticulocyte  extracts  could  be  SUMO  modified  by  immunopurified  PIASy. 
However,  we  were  unable  to  show  that  GST-NEMO  could  be  SUMOylated  in  vitro  and  were 
unsuccessful  in  purifying  His-PIASy  with  high  purity  and  quantity.  We  were  able  to  obtain 
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highly  purified  recombinant  His-PIASy  in  collaboration  with  Dr.  Yoshiaka  Azuma.  We  utilized 
this  His-PIASy  in  an  in  vitro  SUMOylation  assay  with  purified  recombinant  His-NEMO  that  we 
generated  in  the  lab  (Figure  1).  We  found  that  PIASy  can  promote  NEMO  SUMOylation  in  a 
complete  recombinant  system  and  this  could  be  reversed  by  the  catalytic  domain  of  a  SUMO 
protease,  Senpl. 

Figure  1: 


+  +  +  +  -  :  His-NEMO 

-  -  +  +  +  iHis-rPIASy 

-  +  +  +  +  :Ei;E2$UMOl 


Figure  1 :  In  vitro  SUMOylation  assay  was  performed 
using  0.75  pg  of  recombinant  His-NEMO  and  1  pg  of 
recombinant  His-rPIASy  at  30°C  for  75  min.  His- 
SENP1  was  added  after  SUMOylation  in  lane  4. 
Samples  were  terminated  in  2xSDS  sample  buffer, 
mn  on  an  SDS-PAGE  gel  and  blotted  with  anti- 
NEMO  (top),  anti-SUMO-1  (middle)  and  anti-His 
antibodies  (bottom  three  blots) 


We  have  previously  shown  that  PIASy  can  inducibly  interact  with  endogenous  NEMO. 

However,  we  would  like  to  examine  and  isolate  an  endogenous  NEMO:PIASy  complex  to 
identify  novel  binding  partners  and  understand  how  this  complex  is  functioning  in  the  cell. 

Since  a  suitable  commercial  antibody  is  not  available,  we  decided  to  generate  our  own  for  our 
future  studies  with  PIASy.  In  collaboration  with  Neoclone,  (a  Madison  based  company),  we 
provided  them  with  purified  recombinant  His-PIASy.  Ascites  with  cross  reactivity  for  His- 
PIASy  was  given  to  us  to  test  for  reactivity  against  PIASy.  We  currently  have  ascites  that  tests 
positive  against  human  PIASy  that  will  be  suitable  for  our  future  studies.  Furthermore,  we  have 
identified  RSK1,  a  protein  recently  shown  to  be  required  for  DNA  damage  induced  NF-kB 
activation  as  a  binding  partner  for  PIASy  (Figure  2). 

Figure  2: 

--*+-  +  +  :HA-PIASy 

-*  +  ■  +  -  +  :Myc-NEMO 

-+--+++  ;FLAG-RSK1 

Figure  2:  HEK293  cells  were  transfected  with 
FLAG-RSK1,  Myc-NEMO,  and  HA-PIASy.  Cells 
were  lysed  and  immunoprecipitated  using  anti-FLAG 
antibody.  Western  blotting  was  performed  using  anti- 
Myc,  anti-HA,  and  anti-FLAG  antibodies. 
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We  are  currently  trying  to  understand  the  role  of  RSK1  kinase  in  the  PIASy:NEMO  complex  and 
how  it  signals  in  the  DNA  damage  induced  NF-kB  activation  pathway. 

Aim2:  Determine  if  PIASy/y  dictates  the  ability  of  breast  cancer  cells  to  activate  NF-kB 
basally  and  in  response  to  DNA  damaging  agents. 

We  initially  proposed  that  PIASy  expression  levels  may  dictate  the  ability  of  breast  cancer  cells 
to  activate  NF-kB  and  have  high  constitutive  NF-kB  activity.  For  instance,  we  have  found  that 
the  MDA-MB-231(ER-)  breast  cancer  cell  line  efficiently  activates  NF-kB  in  response  to  DNA 
damaging  agents.  Interestingly,  MDA-MB-23 1  breast  cancer  cell  lines  have  high  constitutive 
NF-kB  activity  and  this  activity  is  increased  upon  stimulation  with  DNA  damaging  agents.  In 
contrast,  MCF-7  (ER+)  breast  epithelial  cell  lines  are  extremely  inefficient  to  activate  NF-kB  in 
response  to  DNA  damaging  agents,  even  though  these  cells  are  capable  of  activating  NF-kB 
when  stimulated  with  the  non-DNA  damaging  agent  TNFa.  We  proposed  that  PIASy  protein 
levels  may  also  dictate  whether  or  not  cell  lines  can  activate  NF-kB  in  response  to  DNA 
damaging  agents.  We  have  recently  been  able  to  obtain  a  minimal  amount  of  human  PIASy 
antibody  from  Dr.  Mary  Dasso  at  the  NIH.  As  a  result,  we  used  this  PIASy  antibody  for  protein 
profiling  of  various  breast  cancer  cell  lines  along  with  other  cell  lines  that  are  known  to  variably 
activate  NF-kB  in  response  to  genotoxic  stress  agents.  We  utilized  cellular  extracts  from  the  ER 
positive  cell  line  MDA-MB-23 1  and  the  negative  breast  cancer  cell  line  MCF-7  to  determine  if 
PIASy  levels  may  dictate  the  ability  for  these  cells  to  activate  NF-kB  in  response  to  DNA 
damage  (Figure  3).  However,  surprisingly  we  found  that  PIASy  protein  levels  were  much  lower 
in  the  ER-  line  compared  to  the  ER+  cell  line.  Levels  were  even  lower  than  in  HEK293  cells 
which  also  efficiently  activate  NF-kB  in  response  to  DNA  damaging  agents.  We  also  observed 
no  major  correlation  between  cells  that  can  efficiently  activate  NF-kB  with  DNA  damaging 
agents  and  the  expression  of  PIASy  levels  in  the  cell.  This  suggests  that  PIASy  expression 
levels  alone  may  not  be  a  good  predictor  of  whether  or  not  a  cell  can  activate  NF-kB  with  DNA 
damaging  agents.  However,  recent  work  has  examined  the  role  of  a  protein  known  as  PIDD  in 
DNA  damage  induced  NF-kB  activation.  Expression  of  a  PIDD  fragment  (PIDD-C)  resulted  in 
enhanced  NF-kB  activation  with  the  DNA  damaging  agents,  etoposide  and  doxorubicin. 
Interestingly,  expression  of  the  PIDD-C  fragment  is  absent  in  the  majority  of  cell  lines  that 
cannot  activate  NF-kB  by  DNA  damaging  agents  with  the  exception  of  the  HeLa  cell  line. 
Although  we  are  still  confident  that  PIASy  is  still  critical  for  DNA  damage  induced  NF-kB 
activation  since  we  have  observed  that  knockdown  of  PIASy  can  inhibit  DNA  damage  induced 
NF-kB  activation  in  HEK293,  HeLa,  and  CEM  cell  lines. 


Figure  3: 
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Figure  3:  Cell  extracts  from  multiple  cell  lines  were 
run  on  a  SDS-PAGE  western  and  western  blotted 
with  anti-PIASy  and  anti-PIDD  antibodies.  Note  that 
the  Jurkat  cell  line  is  ATM  deficient  and  this  is  the 
reason  why  these  cell  lines  do  not  activate  NF-kB 
with  DNA  damaging  agents.  Plus  signs  (+)  indicate 
cell  lines  that  can  be  activated  by  DNA  damaging 
agents  and  minus  signs  (-)  indicate  cell  lines  that  do 
not  activate  NF-kB  by  DNA  damaging  agents. 


However,  we  still  believe  that  a  reduction  in  PIASy  protein  levels  may  sensitize  ER-  breast 
cancer  cell  lines  to  DNA  damaging  agents  but  not  through  mere  enhanced  expression  as 
proposed  previously.  Interestingly,  we  have  found  that  even  minimal  protein  expression  levels 
of  PIASy  protein  are  sufficient  to  activate  NF-kB  in  response  to  DNA  damaging  agents  in 
HEK293  cells  suggesting  that  residual  levels  of  PIASy  in  ER-  breast  cancer  cell  lines  are 
sufficient  to  activate  NF-kB  in  response  to  DNA  damaging  agents  (Figure  4). 

Figure  4: 


v 

Figure  4:  HEK293  cells  were  transfected  with 
control  (C)  or  two  different  siRNA  oligos  against 
PIASy  (oligo#2  and  oligo#4).  Cells  were  treated  with 
10  pM  VP16  for  90  minutes.  Total  cell  extracts  were 
made  and  NF-kB  activity  was  measured  by  EMSA. 
EMSA  with  an  Oct-1  probe  was  used  as  a  control. 
Western  blots  of  total  protein  extracts  were  probed 
with  anti-PIASy  antibody. 


We  are  still  working  out  the  conditions  to  examine  the  effects  of  loss  of  PIASy  protein  levels  on 
NF-kB  activation  in  the  the  ER-  breast  cancer  cell  line  MDA-MB-23 1 .  Since  the  most  potent 
siRNA  oligonucleotide  (used  in  figure  4)  gave  us  a  modest  decrease  in  PIASy  protein  levels  in 
MDA-MB-23 1  cells,  we  are  now  utilizing  a  vector  based  shRNA  construct  that  can  efficiently 
reduce  PIASy  protein  levels  in  MDA-MB-23 1  breast  cancer  cell  lines  that  can  be  transfected 
with  80%  efficiency.  Studies  examining  its  effects  on  basal  and  DNA  damage  induced  NF-kB 
activation  and  its  consequence  on  cell  survival  are  currently  under  way.  Moreover,  we  initially 
proposed  that  PIASy  levels  in  MCF-7  cells  exposed  to  antiestrogens  (such  as  tamoxifen)  will  be 
examined  to  establish  a  link  between  ERa  and  PIASy  expression.  These  experiments  are 
currently  being  employed  to  see  if  tamoxifin  may  regulate  PIASy  expression  levels. 
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III.  Key  Research  Accomplishments  and  Conclusions: 

1.  Complete  recombinant  in  vitro  SUMOylation  of  NEMO 
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2.  Mouse  monoclonal  antibodies  against  human  PIASy 

3.  Identification  of  a  new  PIASy  interacting  partner,  RSK1 

4.  Protein  expression  profiling  of  PIASy  in  ER+  and  negative  cell  lines 

IV.  Reportable  Outcomes 

1 .  Manuscript:  PIASy  MEDIATES  NEMO  SUMOYLATION  AND  NF-kB  ACTIVATION 
IN  RESPONSE  TO  GENOTOXIC  STRESS,  Nat  Cell  Biol.  2006  Sep:8(9):986-93 

2.  Abstract:  A  SUMO  E3  PROMOTES  NEMO  SUMOYLATION  AND  NF-kB 
ACTIVATION  IN  RESPONSE  TO  GENOTOXIC  STRESS.  Keystone  Symposia:  NF- 
kB:  20  Years  on  the  Road  from  Biochemistry  to  Pathology,  2006 

V.  Conclusions 

Aiml :  We  have  shown  that  PIASy  can  promote  NEMO  SUMOylation  directly  in  a  complete 
recombinant  system.  We  have  further  generated  our  own  PIASy  antibody  since  there  are  no 
reliable  commercially  available  antibodies.  Our  PIASy  antibody  will  be  used  in  future  studies  to 
examine  novel  proteins  in  complex  with  PIASy.  We  have  further  identified  a  new  protein,  RSK1 
as  an  interacting  partner  for  PIASy  and  are  currently  assessing  its  role  in  PIASy  regulation  and 
DNA  damage  induced  NF-kB  signaling. 

Aim2:  We  have  analyzed  protein  extracts  from  multiple  cell  lines  including  the  ER+  cell  line, 
MCF7  and  the  ER-  cell  line  MDA-MB-23 1 .  We  have  found  initially  that  there  is  no  correlation 
between  expression  levels  of  PIASy  and  whether  or  not  these  cell  lines  can  activate  NF-kB  in 
response  to  DNA  damaging  agents.  We  have  however  shown  that  the  formation  of  a  PIDD 
fragment,  PIDD-CC  recently  implicated  in  DNA  damage  induced  NF-kB  activation  is  absent  in 
the  MCF7  cell  line  but  not  the  MDA-MB-23 1  cell  line  suggesting  that  PIDD  expression  levels 
may  play  a  role  in  whether  these  cell  lines  activate  NF-kB  with  DNA  damaging  agents.  We 
have  also  shown  that  just  a  residual  amount  of  PIASy  is  sufficient  to  activate  NF-kB  with  DNA 
damaging  agents  in  HEK293  cells. 

Appendices:  First  author  published  Nature  Cell  Biology  paper,  see  attached. 
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PIASy  mediates  NEMO  sumoylation  and  NF-kB 
activation  in  response  to  genotoxic  stress 

Angela  M.  Mabb1,  Shelly  M.  Wuerzberger-Davis1  and  Shigeki  Miyamoto1,2 


Protein  modification  by  SUMO  (small  ubiquitin-like  modifier) 
is  an  important  regulatory  mechanism  for  multiple  cellular 
processes12.  SUMO-1  modification  of  NEMO  (NF-kB 
essential  modulator),  the  IkB  kinase  (IKK)  regulatory  subunit, 
is  critical  for  activation  of  NF-kB  by  genotoxic  agents3. 

However,  the  SUMO  ligase,  and  the  mechanisms  involved  in 
NEMO  sumoylation,  remain  unknown.  Here,  we  demonstrate 
that  although  small  interfering  RNAs  (siRNAs)  against 
PIASy( protein  inhibitor  of  activated  STATy)  inhibit  NEMO 
sumoylation  and  NF-kB  activation  in  response  to  genotoxic 
agents,  overexpression  of  PIASy  enhances  these  events. 

PIASy  preferentially  stimulates  site-selective  modification  of 
NEMO  by  SUMO-1,  but  not  SUMO-2  and  SUMO-3,  in  vitra 
PIASy- NEMO  interaction  is  increased  by  genotoxic  stress  and 
occurs  in  the  nucleus  in  a  manner  mutually  exclusive  with 
IKK  interaction.  In  addition,  hydrogen  peroxide  (H202)  also 
increases  PIASy- NEMO  interaction  and  NEMO  sumoylation, 
whereas  antioxidants  prevent  these  events  induced  by  DN  A- 
damaging  agents.  Our  findings  demonstrate  that  PIASy  is  the 
first  SUMO  ligase  for  NEMO  whose  substrate  specificity  seems 
to  be  controlled  by  IKK  interaction,  subcellular  targeting  and 
oxidative  stress  conditions. 

We  previously  showed  that  SUMO-1  modification  of  NEMO-IKKy  is 
required  for  the  activation  of  NF-kB  in  response  to  etoposide  (VP  16)  and 
camptothecin  (CPT),  but  not  by  lipopolysaccharide  or  tumor  necrosis 
factor  a  (TNFa)3.  This  sumoylation  is  associated  with  nuclear  accumula¬ 
tion  of  IKK-free  NEMO  and  is  followed  by  phosphorylation  on  Ser  85 
by  ATM  (ataxia  telangiectasia  mutated),  which  is  required  for  activation 
of  IKK  and  NF-kB  in  the  cytoplasm4.  To  identify  a  SUMO  ligase  criti¬ 
cal  for  NEMO,  an  siRNA  screen  was  performed  against  known  SUMO 
ligases.  HEK293  cells  transfected  with  siRNAs  were  treated  with  VP  16 
and  lysates  were  analysed  for  NF-kB  activation  by  electrophoretic  mobil¬ 
ity  shift  assay  (EMSA).  To  evaluate  the  specificity  of  siRNAs,  total  RNA 
was  also  isolated  and  RT-PCR  was  performed  for  SUMO  E3  mRNAs. 
This  analysis  demonstrated  minimal  off- target  effects  for  the  SUMO  E3 
siRNAs  used  (Fig.  la). 


Only  PIASy  siRNAs  exhibited  inhibition  of  NF-kB  by  VP  16,  but  not 
TNFa  (Fig.  lb,  and  see  Supplementary  Information,  Fig.  SI  a).  SiRNAs 
against  Ran-binding  protein  2  ( RanBP2 ),  another  SUMO  E3  (ref.  5), 
did  not  inhibit  NF-kB  activation  by  VP  16  (data  not  shown).  The  use  of 
two  individual  PIASy  siRNA  oligonucleotides  showed  a  dose  dependent 
decrease  in  PIASy  protein  levels  that  correlated  with  reductions  in  NF- 
kB  activation  (Fig.  lc).  PIASy  siRNAs  also  inhibited  NF-kB  activation  by 
other  DNA  damaging  agents,  including  CPT,  ionizing  radiation,  doxoru¬ 
bicin  and  ultraviolet  irradiation  (Fig.  Id),  and  in  HeLa  human  cervical 
cancer  cells  and  CEM  human  T  leukemic  cells  (data  not  shown).  PIASy 
siRNAs  also  caused  inhibition  of  NF-xB-dependent  luciferase  reporter 
gene  activity  to  the  same  extent  as  those  against  Ubc9 ,  the  gene  encoding 
the  only  known  SUMO  E2  (Fig.  le).  Combination  of  PIASy  and  Ubc9 
siRNAs  did  not  further  reduce  reporter  activity  (Fig.  le).  Finally,  PIASy 
siRNAs  also  prevented  NF-xB-dependent  induction  of  endogenous 
target  genes,  such  as  IL-8  and  IkBoc  in  HEK293  cells  (Fig.  If  and  see 
Supplementary  Information,  Fig.  Sib,  c)  and p21  (ref.  6)  in  CEM  cells 
(see  Supplementary  Information,  Fig.  Sid). 

As  anticipated,  PIASy  siRNAs  prevented  NEMO  sumoylation  induced 
by  VP  16  (Fig.  2a).  They  did  not  interfere  with  the  activation  of  ATM,  as 
measured  by  the  decrease  in  the  reactivity  to  phospho-Ser  1981 -ATM, 
a  specific  antibody7  (Fig.  2b).  Consistent  with  Ser  85  phosphorylation 
being  downstream  of  NEMO  sumoylation4,  PIASy  siRNAs  blocked  this 
phosphorylation  event  (Fig.  2c).  Overexpression  of  PIASy  resulted  in 
both  increased  basal  and  VP  16-inducible  NEMO  sumoylation  (Fig.  2d) 
and  NF-kB  activation  (Fig.  2e).  In  contrast,  overexpression  of  a  catalyti- 
cally  inactive  mutant  PIASy,  (PIASyCA  with  the  catalytic  Cys  342  and 
Cys  347  mutated  to  alanine)8  inhibited  VP  16-inducible  sumoylation  of 
NEMO  and  NF-kB  activation  (Fig.  2f,  g). 

To  examine  whether  PIASy  can  function  as  a  direct  SUMO  E3  for 
NEMO,  amino -terminally  HA-tagged  NEMO  substrate  was  in  vitro 
translated  in  rabbit  reticulocyte  extracts  in  the  presence  of  35S-methio- 
nine  and  then  incubated  with  sumoylation  reaction  mixtures  contain¬ 
ing  recombinant  sumoylation  components.  Of  the  four  major  bands 
translated  (see  Supplementary  Information,  Fig.  S2a),  only  the  slowest 
migrating  band  could  be  immunoprecipitated  with  an  anti-HA  anti¬ 
body.  Thus,  this  band  represents  the  full-length  HA-NEMO  protein, 


Trogram  in  Molecular  and  Cellular  Pharmacology,  Department  of  Pharmacology  University  of  Wisconsin,  Madison,  Wl  53706,  USA. 
Correspondence  should  be  addressed  to  S.M.  (e-mail:  smiyamot@wisc.edu) 

Received  21  April  2006;  accepted  6  J  une  2006;  published  online  13  August  2006;  DOI:  10.1038/ncbl458 


NATU  RE  C  ELL  Bl  O  LO  G  Y  ADVA  NCEONLINEPUBLI CATI O  N 

©  2006  Nature  Publishing  Group 


1 


LETTERS 


*5?  Cj  £?  Cp  CjS  $ 


VP16 


siRNA: 


Control 


PIASy 


<P  K  g>  <A  K  & 

 £  3  S  -  £  3  S 


siRNA: 


NF-kB 


Control 


PIASy 


IR  D  UV  -  IR  D  UV 


4_|  n  Control  siRNA 
n  i  PIASy  siRNA 
□  Ubc9  siRNA 
3-1  □  PIASy +Ubc9  siRNA 
■  HA-IkBocS32/36A 


G°  Olig#2  Olig#4  C?  Olig#2  Olig#4 


NF-kB 


«  Uu 

Fold:  1  ,22  33  .30  .40  |  1  .06  .05  .82  .59 

Oct-1 


PIASy  I 


60.0 

cn  n 

"Control  siRNA 
aPIASv  siRNA 

i 

ou.u 

40.0 

30.0 

20.0 

rh 

ye 

10.0 

0.0 

gL 

pi 

1 

—  nr 

m 

1 

10 


VP16  (|iM) 


VP16  (8h) 


Figure  1  PIASy  is  necessary  for  NF-kB  activation  by  genotoxic  agents. 

(a)  HEK293  cells  were  transfected  with  control  orsiRNAs  against  genes 
encoding  different  SUMO  ligases.  RNA  was  isolated  and  the  expression  level 
of  mRNA  for  each  SUMO  ligase  was  determined  using  RT-PCR.  GAPDH 
served  as  a  loading  control,  (b)  HEK293  cells  were  transfected  as  stated 
above  with  control  or  P/ASy  siRNAs.  Cells  were  treated  with  10  ng  ml1  TNFa 
for  15  min,  10  pM  VP16  for  90  min  and  10  pM  CPT  for  120  min.  Total  cell 
extracts  were  made  and  NF-kB  activity  was  measured  by  E MSA.  EMSA  with 
an  Oct-1  probe  was  used  as  a  control.  Western  blots  of  total  protein  extracts 
were  probed  with  anti-PIASy  antibody,  (c)  HEK293  cells  were  transfected  with 
control  or  two  different  siRNA  oligonucleotides  against  PIASy  { oligo  #2  and 
oligo  #4).  Cells  were  treated  with  10  pM  VP  16  for  90  min.  Total  cell  extracts 
were  analysed  as  in  b.  (d)  HEK293  cells  were  transfected  as  stated  in  a.  Cells 
were  treated  with  20  Gy  of  ionizing  radiation  (IR)  for  90  minutes,  25  pM 
doxorubicin  (D)  for  105  minutes  and  60  J  rrr2  UV  (254  nm)  for  135  minutes. 
Total  cell  extracts  were  analysed  as  in  b.  (e)  HEK293  cells  were  transfected 

whereas  the  smaller  bands  may  represent  translation  products  derived 
from  internal  methionines  or  degradation  products.  After  the  sumoyla- 
tion  reaction,  three  major  slower- migrating  bands  were  observed  (see 
Supplementary  Information,  Fig.  S2b),  of  which  the  two  highest  bands 
could  be  immunoprecipitated  with  an  anti-HA  antibody.  These  bands 
also  reacted  with  anti-NEMO  and  anti-SUMO-1  antibodies  when  ana¬ 
lysed  by  western  blotting  (data  not  shown),  indicating  that  they  are 
sumoylated  full-length  NEMO  species.  The  nature  of  the  third  band 
could  not  be  determined  by  these  analyses. 

When  Flag-PIASy  expressed  in  and  immunopurified  from  HEK293 
cells  was  added  to  the  in  vitro  sumoylation  reaction  under  the  conditions 
in  which  the  sumoylation  of  NEMO  was  minimal  with  only  El  and  E2 
(Fig.  3a),  an  enhancement  of  NEMO  sumoylation  was  observed  that 
was  dependent  on  all  components  of  the  reaction  mixture.  Similarly  pre¬ 
pared  PIASyCA  failed  to  enhance  NEMO  sumoylation.  Quantification  of 
enhancement  in  repeated  experiments  demonstrated  a  2.5-fold  enhance¬ 
ment  by  PIASy,  but  not  by  PIASyCA. 

In  accordance  with  the  immunopurified  PIASy  described  above, 
recombinant  human  His-PIASy  purified  from  Escherichia  coli  showed 


twice  with  control  siRNA,  PIASy  siRNAs,  Ubc9  siRNAs,  or  the  super-repressor 
IkB(xS32/36A  along  with  3x  kB-Luc  NF-kB  reporter  gene  and  24  h  after  the 
second  transfection  cells  were  treated  with  VP  16  for  8  h.  The  cell  extracts 
were  used  for  the  luciferase  assay  and  relative  luciferase  activities  were  plotted 
by  comparing  fold  induction  with  untreated  control.  Western  blots  of  the  same 
cell  extracts  with  anti-PIASy,  anti-Ubc9,and  anti-HA  antibodies  are  also  shown 
to  demonstrate  knockdown  efficiency.  Meansts.d.  are  shown  (n=3).  Mean 
values  were  compared  to  the  VP16-treated  control  siRNA  using  an  unpaired 
t-testand  determined  to  be  statistically  significant.  *,  P  <0.04;  **,  P  <0.03; 
***,  P  <0.01.  (f)  HEK293  cells  were  transfected  with  control  or  PIASy 
siRNAs  and  treated  as  stated  above  with  increasing  doses  of  VP  16.  RNA  was 
analysed  for  IL-8  expression  using  quantitative  real  time  RT-PCR.  Means ±s. 
d.  are  shown  (n=4).  Median  values  were  compared  to  the  VP  16 -treated 
control  siRNA  using  the  Mann-Whitney  Rank  Sum  test  and  determined  to  be 
statistically  significant.  *,  P  <0.03.  An  uncropped  scan  of  the  top  gel  in  bis 
shown  in  the  Supplementary  Information,  Fig.  S5a. 

enhancement  of  NEMO  sumoylation  in  vitro  (not  shown).  However, 
we  were  unable  to  purify  it  to  near  homogeneity.  Thus,  a  recombinant 
Xenopus  PIASy  protein  that  shares  77%  sequence  identity  and  84% 
homology  with  the  human  protein  (His-xPIASy,  Fig.  3d)  and  that 
was  previously  described  for  in  vitro  sumoylation  of  topoisomerase 
II,  was  used9.  His-xPIASy,  purified  to  near  homogeneity,  enhanced 
sumoylation  of  in  vitro  translated  NEMO,  which  showed  major  bands 
similar  to  those  observed  with  FLAG-PIASy  (Fig.  3c),  as  well  as  high 
molecular  weight  smears  or  ladders.  All  modified  NEMO  species  could 
be  cleaved  by  the  catalytic  domain  of  recombinant  SENP1,  a  SUMO 
protease  (Fig.  3c).  Importantly,  His-xPIASy  promoted  SUMO-1 
isoform-specific  modification  of  NEMO,  similar  to  genotoxic  stress  con¬ 
ditions  in  vivo3,  as  it  failed  to  efficiently  sumoylate  NEMO  in  the  pres¬ 
ence  of  SUMO-2  or  SUMO-3  (see  Supplementary  Information,  Fig.  s2e). 
A  similar  result  was  obtained  using  His-NEMO  protein  expressed  in 
E.  coli  and  purified  to  near  homogeneity  (Fig.  3d,  e).  Thus,  these  results 
demonstrated  that  PIASy  enhanced  SUMO-1  modification  of  NEMO  in 
a  highly  purified  in  vitro  system.  In  addition,  overexpression  of  Xenopus 
PIASy  could  enhance  NF-kB  activation  in  HEK293  cells  and  could  also 
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Figure  2  PIASy  modulates  NEMO  sumoylation  and  NF-kB  activation  in 
response  to  gen otoxic  stress,  (a)  HEK293  Myc-N EM 0  stable  cells  were 
transfected  with  control  or  PIASy  siRNAs.  Cells  were  left  untreated  or  treated 
with  10  pM  VP16  for  indicated  times  in  minutes.  Cell  lysates  were  boiled 
in  1%  5D5  and  10%  input  samples  were  taken.  The  remaining  samples 
were  then  diluted  to  0.1%  SD5  and  immunoprecipitated  with  anti-Myc 
antibody.  The  precipitates  were  blotted  with  anti-SUMO-1  and  anti-Myc 
antibodies.  Inputs  were  blotted  with  anti-PIASy  antibody,  (b)  HEK293 
cells  were  transfected  with  control  or  PIASy  siRNAs  and  treated  with  10  ng 
ml1  TNFafor  15  min,  10  pM  CPT  for  75  min  or  10  pM  VP16  for  60  min. 
Total  cell  extracts  were  examined  by  immunoblotting  with  an  anti-ATM 
and  anti-phospho-Ser  1981-ATM  antibodies.  PIASy  protein  was  examined 
by  immunoblotting  with  an  anti-PIASy  antibody,  (c)  HEK293  cells  were 
transfected  as  stated  in  b  and  treated  with  10  pM  VP  16  for  the  indicated 
times.  Total  cell  extracts  were  examined  by  immunoblotting  with  an  anti- 

partially  rescue  the  PIASy  siRNA- induced  inhibition  of  NF-kB  activa¬ 
tion  in  response  to  VP  16  (see  Supplementary  Information,  Fig.  2c,  d), 
indicating  that  Xenopus  PIASy  can  functionally  compensate  for  endog¬ 
enous  human  PIASy  in  a  mammalian  cellular  environment. 

NEMO  sumoylation  in  response  to  genotoxic  agents  is  blocked  by 
mutations  of  Lys  277  and  Lys  309  (ref.  3).  To  determine  whether  PIASy 
could  promote  sumoylation  on  these  residues,  sumoylation  assays  were 
performed  using  NEMOK277A  and  NEMOK309A  mutants  in  the  presence 
of  His-xPIASy  (Fig.  3f,  g).  Whereas  K277A  mutagenesis  prevented  the 
formation  of  one  of  the  sumoylated  bands  (open  circle)  and  caused 
an  apparent  increase  in  sumoylation  of  another  band  (closed  circle), 


phospho-Ser  85-NEMO,  anti-NEMO,  anti-lKBaand  anti-PIASy  antibodies. 

(d)  HEK293  Myc-N  EM O  stable  cells  were  transfected  with  0.5  and  1.5  pg 
of  a  PIASy  expression  vector.  Cells  were  left  untreated  or  treated  with  10  pM 
VP16  for  60  min.  Cell  lysates  were  prepared  and  immunoprecipitated  as  in 
a.  The  precipitates  were  blotted  with  anti-SUMO-1  and  anti-Myc  antibodies. 
10%  inputs  were  blotted  with  anti-HA  antibody,  (e)  HEK293  cells  were 
transfected  with  0.5,  1.5  and  4.0  pg  of  a  PIASy  expression  vector.  Cells 
were  treated  with  10  pM  VP16  for  60  min  and  10  ng  ml-1  TNFafor  15  min. 
Total  cell  extracts  were  measured  for  NF-kB  activity  by  EMSA.  Cell  lysates 
were  probed  with  anti-lxBa,  anti-NEMO  and  anti-Myc  antibodies,  n.s., 
nonspecific  band,  (f)  HEK293  Myc-N  EM  O  stable  cells  were  transfected  with 
a  PIASy0*1  expression  vector.  Cells  were  processed  as  in  a.  Precipitates  were 
blotted  as  in  d.  (g)  HEK293  cells  were  transfected  with  0.5,  1.5  and  4.0  pg 
of  a  P I  ASy°A  expression  vector.  Cells  were  analysed  as  in  e.  An  uncropped 
scan  of  the  top  gel  in  a  is  shown  in  the  Supplementary  Information,  Fig.  S5b. 

NEMOK309A  lost  the  slower  migrating  of  the  two  sumoylated  bands 
(closed  circle).  These  results  suggested  that  the  upper  of  the  two  bands 
represented  sumoylated  NEMO  on  Lys  309  and  the  lower  band  on 
Lys  277.  When  both  lysines  were  mutated  (NEMODK),  the  two  bands 
migrated  differently  from  those  seen  in  the  wild-type  NEMO  protein 
(single  and  double  stars).  Thus,  it  is  likely  that  mutation  of  Lys  277 
and  Lys  309  results  in  sumoylation  of  NEMO  on  alternative  sites. 
Although  these  lysine  residues  conform  to  the  optimal  sumoylation 
site,  \|/KxE  (where  \|/  represents  a  hydrophobic  amino  acid  and  x  repre¬ 
sents  any  amino  acid)10,11,  both  of  these  sites  partially  deviate  from  this 
sequence  due  to  the  presence  of  alanine  at  position  276  and  aspartate  at 
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Figure  3  PIASy  promotes  sumoylation  of  NEMO  in  vitro,  (a)  HEK293  cells 
were  transfected  with  Flag-PIASy  WT  and  CA  constructs  or  vector  control 
(V).  Cell  lysates  were  immunoprecipitated  with  an  anti-Flag  antibody  and 
washed  extensively  using  high  salt  buffer.  Immunopurified  PIASy  WT  and 
CA  beads  were  then  added  to  the  in  vitro  sumoylation  assay  containing  in 
vitro  translated  35S  HA-NEMO,  and  the  reaction  mixtures  were  incubated  at 
30  °Cfor90  min.  Reaction  products  were  separated  by  SDS-PAGE  and  the 
dried  gel  was  exposed  to  an  X-ray  film,  (b)  Anti-Flag  western  blot  showing 
immunopurified  Flag-PIASy  WT  and  CA  mutant,  and  vector  control  used  for 
the  in  vitro  assay  in  a.  (c)  In  vitro  sumoylation  assay  was  performed  with  in 
vitro  translated  35S  HA-NEMO  and  0.5  pg  of  recombinant  His-xPIASy  for 
75  min  at  30  °C.  Recombinant  His-SENPl  (0.75  and  1.5  pig  in  lanes  6  and 
7,  respectively)  was  added  after  in  vitro  sumoylation  to  cleave  the  SUMO-1 
moiety  from  modified  NEMO.  Reactions  were  terminated  in  2xSDS  sample 
buffer,  run  on  an  SDS-PAGE  gel,  fixed  and  exposed  to  film,  (d)  Commassie 

position  311  (Fig.  3f).  To  further  examine  site-selective  sumoylation  in 
vitro ,  Ala  276  was  mutated  to  isoleucine  to  create  a  more  hydrophobic 
residue  at  the  -1  position.  This  resulted  in  increased  sumoylation  of  the 
putative  Lys  2 77  band  compared  with  wild-type  NEMO  (Fig.  3g).  In 
contrast,  when  Asp  311  was  mutated  to  glutamate,  sumoylation  of  the 
Lys  309  band  was  not  greatly  affected,  suggesting  that  PIASy  promotes 
sumoylation  of  NEMO  at  Lys  309  equivalently  with  either  aspartate  or 
glutamate  at  the  +2  position.  Mutations  within  the  carboxy-terminal 
zinc  finger  domain  of  NEMO  severely  hinder  NEMO  sumoylation 


stained  gels  of  recombinant  Xenopus  His-xPIASy  and  recombinant  human 
His-NEMO.  (e)  In  vitro  sumoylation  assay  was  performed  using  0.75  pg  of 
recombinant  His-NEMO  and  1  pg  of  recombinant  His-xPIASy  at  30  °C  for 
75  min.  His-SENPl  was  added  after  sumoylation  in  lane  4.  Samples  were 
terminated  in  2x  SDS  sample  buffer,  run  on  an  SDS-PAGE  gel  and  blotted 
with  anti-NEMO,  anti-SUMO-1  and  anti-H is  antibodies,  (f)  Schematic 
representation  of  the  NEMO  mutants  used  in  g.  CC1,  coiled-coil  1;  CC2, 
coiled-coil  2;  LZ,  leucine  zipper;  ZF,  zinc  finger.  The  positions  of  mutated 
amino-acid  residues  are  indicated,  (g)  In  vitro  sumoylation  assay  was 
performed  as  in  a  with  the  addition  of  in  vitro  translated  35S-methionine 
labelled  HA-NEMO  mutants  K277A,  K309A,  K277A/K309A  (DK),  C417R, 
A276I  and  D311E  and  using  recombinant  His-xPIASy  as  in  c.  Closed  circle 
indicates  SUMO-1  modification  of  NEMO  putatively  at  Lys  309,  open  circle 
indicates  SUMO-1  modification  of  NEMO  putatively  at  Lys  277  and  *  and  ** 
represent  SUMO-1  modification  of  NEMO  at  unidentified  sites. 

and  NF-kB  activation  by  genotoxic  stress  inducers3;  however,  a  NEMO 
zinc-finger  mutant  (NEMOC417R)  was  efficiently  sumoylated  by  PIASy 
(Fig.  3g).  Hence,  the  intact  zinc  finger  is  not  necessary  for  direct  NEMO 
sumoylation  by  PIASy.  Similar  results  were  obtained  for  all  of  the  NEMO 
mutants  with  immunopurified  human  Flag-PIASy  (see  Supplementary 
Information,  Fig.  3a). 

To  test  whether  PIASy  interacts  with  NEMO  in  vivo ,  HA-PIASy  was 
transfected  into  HEK293  cells  and  endogenous  NEMO  was  immunopre¬ 
cipitated  following  exposure  to  VP  16.  A  modest  amount  of  HA-PIASy 
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Figure  4  NEMO  interacts  with  PI  ASy  in  a  manner  that  is  mutally  exclusive 
with  IKK(3 binding,  (a)  HEK293  cells  were  transfected  with  HA-PIASyor 
empty  vector.  Lysates  were  immunoprecipitated  with  anti-NEMO  antibody  or 
a  mouse  IgG  control.  Samples  were  immunoblotted  with  anti-HA  and  anti- 
NEMO  antibodies,  (b)  Schematic  representation  of  NEMO  mutants  used 
for  coimmunoprecipitation  analysis  with  human  Flag-P  I  ASy  and  human 
Flag-1  KK|3.  Amino  acids  63-193  represent  coiled-coil  1  (CC1),  258-298 
represent  coiled-coi I  2  (CC2),  319-347  represent  a  leucine  zipper  and 
397-418  represent  a  zinc  finger.  (c)HEK293  cells  were  transfected  with 
Flag-P  I  ASy  and  Myc-NEMO  mutants.  Cells  extracts  were  immunoprecipitated 
with  an  anti-Flag  antibody  and  probed  with  an  HRP-conjugated  anti-Myc 

was  present  in  NEMO  precipitates  without  any  stimulation  (Fig.  4a  and 
see  Supplementary  Informtaion,  Fig.  S3b)  and  this  interaction  was  fur¬ 
ther  augmented  on  treatment  with  VP  16.  Myc-NEMO  mutants  (Fig.  4b) 
and  Flag-PIASy  were  co-expressed  and  their  interactions  were  examined 
to  determine  the  region(s)  of  NEMO  that  are  critical  for  PIASy  inter¬ 
action.  Successive  C-terminal  deletions  demonstrated  that  NEMO1126 
was  sufficient  to  interact  with  PIASy  (Fig.  4c  and  see  Supplementary 
Information,  Fig.  S3c).  A  deletion  of  the  first  120  amino-acid  residues 
of  NEMO  abrogated  its  interaction  with  PIASy.  These  results  showed 
that  the  amino  terminus  of  NEMO  is  both  necessary  and  sufficient  for 
PIASy  association. 

The  N-terminal  region  of  NEMO  is  also  essential  for  IKK(3  inter¬ 
action12.  Coimmunoprecipitation  experiments  with  NEMO  mutants 
and  Flag-IKK(3  demonstrated  that  association  of  the  NEMO  mutants 
with  IKKp  was  nearly  identical  to  interaction  with  PIASy  (Fig.  4d). 
Cotransfection  and  coimmunoprecipitation  experiments  further  dem¬ 
onstrated  that  NEMO-PIASy  and  NEMO-IKK  interactions  are  mutu¬ 
ally  exclusive  (Fig.  4e  and  see  Supplementary  Information,  Fig.  S3d). 
Moreover,  subcellular  fractionation  studies  revealed  a  NEMO-PIASy 


antibody.  2%  input  was  also  probed  with  anti-Myc  antibody,  (d)  HEK293 
cells  were  transfected  with  Flag-IKKp  and  Myc-NEMO  mutants.  Extracts 
were  immunoprecipitated  as  in  c.  (e)  HEK293  cells  were  transfected  with 
Flag-1  KK(3,  Myc-NEMO  and  increasing  amounts  of  HA- PI  ASy  construct.  Cell 
extracts  were  immunoprecipitated  with  an  anti-Flag  antibody  and  probed  with 
anti-Flag  and  HRP-conjugated  anti-HA  and  anti-Myc  antibodies.  Immunoblots 
with  2%  inputs  are  also  shown,  (f)  HEK293  cells  were  transfected  with 
Flag-PIASy,  Myc-NEMO  or  empty  vector.  Cytoplasmic  and  nuclear  extracts 
were  isolated  and  PIASy  was  immunoprecipitated  with  anti-Flag  antibody. 
Samples  were  immunoblotted  with  anti-Flag,  anti-Myc,  anti-IKKp  and  anti¬ 
tubulin  antibodies. 

complex  in  the  nuclear  fraction,  but  the  majority  of  IKKp  was  located 
in  the  cytoplasm  (Fig.  4f).  Even  though  a  small  amount  of  IKKp  was 
observed  in  the  nuclear  fraction  under  these  conditions,  an  IKKp-PIASy 
interaction  was  not  detected.  These  results  suggested  that  PIASy-NEMO 
interaction  occurs  predominantly  in  the  nucleus  in  a  manner  mutually 
exclusive  with  NEMO-IKKp  interaction. 

As  many  double-strand  break  (DSB) -inducing  agents  also  induce 
oxidative  stress13-16,  we  examined  whether  such  a  stress  could  be  criti¬ 
cal  for  NEMO  sumoylation  and  NF-kB  activation.  The  antioxidants 
N- acetylcysteine  (NAC)  and  pyrrolidinedithiocarbamate  (PDTC) 
prevented  sumoylation  of  endogenous  NEMO  and  NF-kB  activa¬ 
tion  without  interfering  with  ATM  activation  in  response  to  VP  16 
(Fig  5a,  b)  and  CPT  (data  not  shown)  in  CEM  cells.  Moreover,  the 
pro-oxidant  H202  was  capable  of  promoting  NEMO  sumoylation,  which 
was  sensitive  to  inhibition  by  antioxidants  (Fig.  5c).  H202  also  promoted 
PIASy-NEMO  interaction  (Fig.  5d).  Taken  together,  these  findings  sug¬ 
gested  the  possibility  that  oxidative  stress  may  be  critical  for  induction 
of  a  PIASy-NEMO  interaction  and  NEMO  sumoylation  after  exposure 
to  certain  DNA-damaging  agents. 
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Figure  5  Oxidative  stress  seems  to  be  required  for  NEMO  sumoylation  in 
response  to  VP16.  (a)  CEM  cells  were  pretreated  for  3  h  with  50  mM  NAC 
and  for  30  min  with  100  pM  PDTC.  Cells  were  then  treated  for  1  h  with 
10  pM  VP16.  Cell  lysates  were  boiled  in  1%  5D5  and  then  diluted  to  0.1% 
SD5  and  immunoprecipitated  with  anti-NEMO  antibody.  Precipitates  were 
immunoblotted  with  anti-SUMO-1  and  anti-NEMO  antibodies,  (b)  CEM  cells 
were  treated  as  above  and  cell  lysates  were  analysed  by  E MSA  and  western 
blotted  with  an  anti-ATM  and  anti-phospho-Ser  1981-ATM  antibodies. 

(c)  1.3E2  NEMO-deficient  murine  pre-B  cells  stably  expressing  Myc-NEMO 
were  pretreated  with  NAC  and  PDTC  as  above.  Cells  were  treated  with 
2mM  H202  for  45  min.  Cell  lysates  were  immunoprecipitated  with  anti-Myc 

In  summary,  we  have  shown  that  PIASy  meets  the  minimal  require¬ 
ments  of  a  SUMO  ligase  for  NEMO  in  the  genotoxic  stress-induced 
NF-kB  signalling  pathway.  First,  a  reduction  of  the  expression  of  endog¬ 
enous  PIASy  by  siRNAs  reduces  the  cellular  capacity  to  cause  SUMO- 
1  modification  of  NEMO  and  activate  NF-kB  in  response  to  several 
DNA-damaging  agents.  Reduction  of  PIASy  expression  also  attenuates 
NF-kB -dependent  induction  of  both  reporter  and  endogenous  target 
genes  without  interfering  with  ATM  activation.  Second,  overexpression 
of  wild-type  PIASy  augments  both  basal  and  genotoxic  stress-induc¬ 
ible  sumoylation  of  NEMO  and  NF-kB  activation.  In  contrast,  a  cata- 
lytically  inactive  PIASy  mutant  blocks  NEMO  sumoylation  and  NF-kB 
activation  in  response  to  genotoxic  stimuli.  Third,  purified  recombinant 
PIASy  promotes  modification  of  NEMO  by  SUMO- 1 ,  but  not  SUMO-2 
or  SUMO-3.  In  vitro  sumoylation  of  NEMO  by  PIASy  is  also  sensitive 
to  mutations  of  Lys  277  and  Lys  309,  residues  that  are  also  necessary 
for  in  vivo  sumoylation  in  response  to  genotoxic  stress.  Fourth,  PIASy 
inducibly  interacts  with  NEMO  in  response  to  DNA-damaging  agents  in 
vivo.  Thus,  these  studies  identify  PIASy  as  the  first  SUMO  E3  for  NEMO 
relevant  to  the  genotoxic  stress  NF-kB  signalling  pathway  (Fig.  5e). 

Our  study  also  provides  additional  unexpected  observations.  A  previ¬ 
ous  study  using  an  RNAi  screen  against  all  putative  ubiquitin  proteases 


antibody  and  precipitates  were  immunoblotted  with  anti-SUMO-1  and  anti- 
Myc  antibodies,  (d)  HEK293  cells  were  transfected  with  Myc-PIASyand 
24  h  later  they  were  treated  with  2  mM  H202  for  45  min.  Cell  lysates  were 
immunoprecipitated  with  an  anti-NEMO  antibody  and  the  precipitates  were 
immunoblotted  with  HRP-conjugated  anti-Myc  and  anti-NEMO  antibodies. 

(e)  Schematic  representation  of  a  model  for  genotoxic  stress-induced  NF-kB 
activation.  Genotoxic  agents  cause  both  DSBs  and  oxidative  stress.  DSBs 
lead  to  ATM  activation,  whereas  oxidative  stress  may  promote  NEMO-PIASy 
interaction  and  NEMO  sumoylation.  These  parallel  events  together  promote 
NEMO  ubiquitination  and  activation  of  IKK  and  NF-kB.  An  uncropped  scan 
of  the  top  gel  in  a  is  shown  in  the  Supplementary  Information,  Fig.  S5c. 

present  in  the  human  genome  identified  only  CYLD  (cylindromato- 
sis  tumor  suppressor  protein)  as  functioning  in  cytokine  signalling17. 
Similarly,  our  RNAi  screen  against  SUMO  E3s  found  that  only  siRNAs 
against  PIASy  had  inhibitory  effects  on  NF-kB  activation  by  genotoxic 
stress  inducers.  In  contrast,  some  of  the  other  E3s  tested  showed  repro¬ 
ducible  increases  in  NF-kB  activation  (for  example,  PIAS1  and  PIAS3). 
It  is  unclear  how  these  siRNAs  cause  this  increase,  but  PIAS1  and  PIAS3 
have  been  shown  to  cause  inhibition  of  p65  DNA  binding  activity18’19. 
Although  we  cannot  exclude  the  possibility  that  other  SUMO  E3s  also 
contribute  to  NEMO  sumoylation  in  specific  cellular  contexts,  our  study 
demonstrates  that  PIASy  is  critical  for  NF-kB  activation  by  genotoxic 
agents  in  multiple  cell  types. 

In  addition,  we  found  that  the  N-terminal  domain  of  NEMO  is  both 
necessary  and  sufficient  for  PIASy  interaction.  Interestingly,  this  overlaps 
with  the  region  of  NEMO  where  IKKp  associates12.  IKKp  and  PIASy 
fail  to  coimmunoprecipitate  in  the  presence  of  NEMO,  suggesting 
that  NEMO-PIASy  and  NEMO-IKK(3  complexes  are  mutually  exclu¬ 
sive.  The  interaction  between  NEMO  and  PIASy  is  largely  nuclear,  as 
opposed  to  the  IKK(3-NEMO  interaction  that  is  mostly  cytoplasmic12. 
Thus,  cell  compartmentalization  is  an  additional  means  to  segregate 
these  complexes.  Our  previous  study  indicated  that  IKK-free  NEMO 
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becomes  sumoylated  and  SUMO-modified  NEMO  accumulates  in  the 
nucleus3.  The  mutually  exclusive  interactions  between  NEMO-IKK(3 
and  NEMO-PIASy  partly  explain  why  only  IKK-free  NEMO  is  targeted 
for  sumoylation  in  vivo. 

Nuclear  interaction  of  PIASy-NEMO  and  increased  basal  sumoylation 
and  NEMO  nuclear  accumulation  (data  not  shown)  on  PIASy  overex¬ 
pression  also  suggest  that  NEMO  sumoylation  may  occur  in  the  nuclear 
compartment.  As  SUMO -NEMO  fusion  proteins  displayed  tendencies 
to  accumulate  in  the  nucleus,  SUMO  modification  was  suggested  to  pro¬ 
mote  NEMO  nuclear  targeting3.  The  zinc  finger  domain  of  NEMO  was 
required  for  both  sumoylation  and  nuclear  targeting,  further  suggesting 
that  this  domain  is  required  for  sumoylation  to  take  place.  However, 
our  current  data  demonstrate  that  the  zinc  finger  is  not  required  for 
NEMO  interaction  with  PIASy  in  vivo  or  sumoylation  in  vitro.  Instead, 
it  may  be  critical  for  events  involved  in  oxidative-stress  signalling  to 
promote  NEMO  nuclear  localization4  (Fig.  5e)  or  PIASy  interaction  of 
NEMO  that  is  already  located  in  the  nucleus20.  Alternatively,  the  zinc- 
finger  domain  may  be  necessary  for  stabilization  of  sumoylated  NEMO, 
possibly  by  interfering  with  its  interaction  with  a  SUMO  protease.  PIDD 
(p53 -inducible  death  domain)  and  RIP1  (receptor  interacting  protein  1) 
may  be  involved  in  the  regulation  of  nuclear  accumulation  and  sumoyla¬ 
tion  of  NEMO  in  a  manner  dependent  on  the  zinc-finger  domain20.  As 
activation  of  NF-kB  by  a  variety  of  anti-cancer  DNA-damaging  agents  is 
linked  to  modulation  of  malignant  behaviours21,22  (including  resistance 
to  chemo-  and  radiation  therapy),  further  understanding  of  the  enzy¬ 
matic  components  and  mechanisms  involved  may  facilitate  the  develop¬ 
ment  of  novel  anti- cancer  agents  targeting  this  signalling  pathway.  □ 

METHODS 

Reagents.  Etoposide  (VP16),  camptothecin  (CPT),  doxorubicin,  2,  5-dipheny- 
loxazole  (PPO),  phenylmethylsulphonylfluoride  (PMSF),  aprotinin,  N-acetyl- 
cysteine,  N-ethylmaleimide  and  iodoacetamide  were  obtained  from  Sigma  (St 
Louis,  MO).  Pyrrolidinedithiocarbamate  was  obtained  from  Alexis  Corporation 
(Lausanne,  Switzerland).  Human  recombinant  TNFa  and  anti-tubulin  antibody 
were  obtained  from  Calbiochem  (La  Jolla,  CA).  Antibodies  for  horseradish  per¬ 
oxidase  (HRP) -conjugated  anti-goat,  IicBa,  c-Myc  and  NEMO  were  obtained 
from  Santa  Cruz  (Santa  Cruz,  CA).  Anti-c-Myc  and  anti-HA  peroxidase  anti¬ 
bodies  were  obtained  from  Roche  (Indianapolis,  IN).  Anti-NEMO  antibody  was 
obtained  from  BD  Pharminogen  (San  Jose,  CA).  Anti-Flag  antibody  was  obtained 
from  Sigma.  Anti-GMP-1  (SUMO-1)  and  SUMO-2  antibodies  was  obtained  from 
Zymed  Laboratories  (San  Francisco,  CA).  ATM  antibody  was  purchased  from 
Genetex  (San  Antonio,  TX)  and  anti-phospho-ATM  (Ser  1981)  was  obtained  from 
R  &  D  Systems  (Minneapolis,  MN).  Horseradish  peroxidase  (HRP) -conjugated 
anti-rabbit,  anti-mouse  antibodies,  Gamma  Bind  G-Sepharose  beads  and  protein 
G-Sepharose  beads  were  obtained  from  Amersham  (Piscataway,  NJ).  SUMO- 
1  antibody,  human  recombinant  SUMO-1,  SUMO-2,  SUMO-3,  Saccharomyces 
cerevisiae  SUMO  El  (Aoslp/Uba2p),  human  recombinant  SUMO  E2  (Ubc9)  and 
human  recombinant  His-SENPl  catalytic  domain  (CD)  proteins  were  purchased 
from  Boston  Biochem  (Cambridge,  MA). 

Cell  culture.  HEK293  and  CEM  cells  were  maintained  as  previously  described23. 
HEK293  6x  Myc-NEMO  and  1.3E2  6x  Myc-NEMO  stable  cell  lines  were  gener¬ 
ated  as  previously  described24. 

siRNAs,  RNA  isolation  and  RT-PCR.  siRNA- mediated  knockdown  of  poly¬ 
comb  2  (Pc2),  PIAS1,  PIAS3 ,  PIASxa/p,  PIASy  and  MMS21 -like  was  performed 
by  calcium  phosphate  transfection  of  200  pmol  of  siGENOME  SMARTpool 
double- stranded  RNA  oligonucleotides  (Dharmacon,  Lafayette,  CO)  or  control 
siRNA  (Dharmacon).  A  second  transfection  was  also  performed  after  24  h  to 
increase  RNA  interference  efficiency.  RNA  from  these  transfected  cells  was  iso¬ 
lated  using  the  QIAshredder  and  RNeasy  mini  kits  (Qiagen,  Valencia,  CA)  24  h 
after  the  second  transfection.  Multiplex  RT-PCR  was  performed  using  Qiagens 


OneStep  RT-PCR  kit  according  to  the  manufacturers’  protocol.  RT-PCR  prim¬ 
ers  and  siRNA  oligonucleotide  sequences  are  provided  in  the  Supplementary 
Information,  Fig.  S4. 

Cloning  of  PIASy  and  NEMO  wild  type  and  mutants.  Generation  of  pcDNA3. 1  (+) 
6xMyc-NEMO  and  pcDNA3.1(+)  2xHA-NEMO  was  described  previously24. 
His-NEMO  was  cloned  into  pET-28a(+)  from  Novagen  (Madison,  WI)  using 
restriction  sites  Hindlll  and  Xhol.  PcDNA3.1(+)  2xHA-NEMO  A276I  and 
D3 1  IE  mutants  were  generated  using  site  directed  mutagenesis  from  pcDNA3. 1  (+) 
2xHA-NEMO  template.  pcDNA3  2xHA-NEMO  K277A  and  K309A  mutants  were 
generated  through  subcloning  of  pcDNA3  6xMyc-NEMO  K277A  and  K309A 
(ref.  3)  into  pcDNA3  2xHA  (Invitrogen)  vector  using  restriction  sites  BamHl 
and  Xbal.  Flag-,  Myc-  and  HA-tagged  full-length  PIASy  was  cloned  through  PCR 
amplification  of  PIASy  from  ATCC  (Mammalian  Genome  Collection,  Manassa,  VA; 
IMAGE  ID:  5176540)  into  pFlag-CMV-2  (Sigma)  using  Notl-Xbal  restriction  sites. 
PIASy  was  cloned  into  pcDNA3. 1  (+)  6xMyc  (a  gift  from  Z.  Chen,  UT-Southwestern, 
Dallas,  TX)  and  pcDNA3.1(+)  2xHA  constructs  using  BamHl-EcoRl  restriction 
sites.  PIASy  C342/347A  (CA)  mutant  was  generated  using  two-step  PCR  muta¬ 
genesis  from  the  original  PIASy  template.  Primers  used  for  cloning  are  available  on 
request.  All  constructs  were  verified  by  DNA  sequencing.  Xenopus  pET28a-PIASy 
was  subcloned  into  the  pcDNA3-Myc3  vector  using  EcoRI  and  Xhol  restriction 
sites.  Generation  of  a  Flag-IKKp  construct  was  previously  described24. 

Western  blotting,  immunoprecipitation  and  EMSA.  Cell  lysates  production 
and  western  blotting  was  performed  as  previously  described25.  EMSA  analysis 
and  image  quantification  was  also  performed  as  previously  described26.  For 
NEMO-PIASy  immunoprecipitations,  cell  lysates  were  precleared  overnight  with 
Gamma  Bind  G  Sepharose.  Precleared  lysates  were  then  immunoprecipitated  as 
previously  described26. 

Luciferase  reporter  assay.  HEK293  cells  were  transfected  with  25  ng  of  3xkB- 
Luc,  25  ng  of  CMV-|3-Gal,  and  200  pmol  of  PIASy  siRNA  or  control  siRNA  as 
stated  above.  Cells  were  treated  with  10  pM  VP  16  for  8  h  and  harvested  according 
to  Promegas  luciferase  assay  system  kit.  p-galactosidase  activity  was  measured 
using  the  Galacton-Plus  kit  purchased  from  Tropix  (Bedford,  MA).  The  transfec¬ 
tion  efficiency  was  normalized  within  each  cell  line  with  p-galactosidase  activity. 
Results  were  displayed  as  fold  induction  from  untreated  control. 

Quantitative  RT-PCR  analysis.  HEK293  cells  were  transiently  transfected  with 
control  and  PIASy  siRNA  as  stated  above  and  treated  with  increasing  doses  of 
VP  16  for  3  h.  Generation  of  total  RNA  from  treated  cells,  cDNA  synthesis  from 
total  RNA  and  quantitative  real-time  RT-PCR  was  previously  described6.  PCR 
primers  used  in  this  study  are  provided  in  the  Supplementary  Information,  Fig.  S4. 
Product  accumulation  was  monitored  by  SYBR  green  fluorescence,  with  the  rela¬ 
tive  expression  levels  determined  from  a  standard  curve  of  serial  dilutions  of 
cDNA.  All  samples  were  normalized  to  GAPDH  levels  and  results  were  displayed 
as  fold  induction  from  untreated  control. 

Purification  of  recombinant  His-NEMO.  His-NEMO  protein  was  generated 
in  BL21  Rosetta  2  strain  cultured  in  LB  broth  containing  25  pg  ml-1  kanamycin 
and  34  pg  ml-1  chloramphenicol.  Cultures  were  induced  at  A600  =  0.5  with  1  mM 
IPTG  for  3  h  at  37  °C.  Cell  pellets  were  resuspended  in  equilibration/ wash  buffer 
(50  mM  sodium  phosphate,  300  mM  NaCl  at  pH  7.0)  and  were  lysed  by  sonication 
(4  rounds  of  10  s  bursts  on  ice).  Cell  debris  and  inclusion  bodies  were  removed 
by  centrifugation.  The  resulting  supernatant  was  added  to  BD  Talon  Co2+  metal 
affinity  resin  (BD  Biosciences).  Bound  protein  was  washed  three  times  in  equili¬ 
bration/ wash  buffer  and  eluted  in  equilibration/ wash  buffer  containing  150  mM 
imidazole.  His-NEMO  protein  was  then  dialysed  against  50  mM  Tris  at  pH  7.6 
and  5  mM  MgCl2. 

In  vitro  and  in  vivo  sumoylation  assays.  In  vitro  sumoylation  of  NEMO  was  per¬ 
formed  by  in  vitro  translation  of  HA-NEMO  protein  using  the  TNT  T7  Coupled 
Reticulocyte  Extract  System  (Promega)  in  the  presence  of  Redivue  35S-methio- 
nine  (Amersham).  In  vitro  sumoylation  assays  were  performed  using  7.5  pg  ml-1 
SUMO  El  (Aos/Ubal),  50  pg  mk1  SUMO  E2  (Ubc9)  and  50  pg  mh1  of  SUMO-1 
added  to  4  pi  of  in  vitro  translated  NEMO  in  the  presence  of  an  ATP  regenerat¬ 
ing  system  (10  mM  creatine  phosphate,  10  units  creatine  kinase,  1  unit  inorganic 
pyrophosphatase  and  2  mM  ATP)  in  50  mM  Tris  at  pH  7.6  and  5  mM  MgCl2 
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in  a  40  ql  reaction  with  1  |ig  ml-1  aprotinin  and  1  mM  PMSF.  The  reaction  was 
incubated  at  30  °C  for  180  min.  End  products  were  terminated  with  SDS  sample 
buffer  and  separated  by  SDS-PAGE  gels.  Sumoylated  products  were  detected  by 
fixing  SDS-PAGE  gels  in  acetic  acid  followed  by  addition  of  the  scintillant  PPO. 
Gels  were  dried  and  exposed  to  autoradiograph  film  (Kodak,  Rochester,  NY).  For 
in  vitro  sumoylation  with  recombinant  His-NEMO  and  His-xPIASy,  reaction 
conditions  were  performed  as  stated  above  with  the  exception  of  using  0.75  pg 
His-NEMO  substrate  and  1  pg  His-xPIASy  in  a  40  pi  reaction.  End  products 
were  treated  as  above  except  SDS-PAGE  gels  were  transferred  and  immunoblot- 
ted  with  goat  anti-NEMO,  rabbit  anti-SUMO  and  His  anti-mouse  antibodies. 
For  proteolysis  of  SUMO  modified  NEMO,  SUMO  reaction  end  products  (40  pi 
reaction  total)  were  incubated  with  10  mM  DTT  at  30  °C  for  15  minutes.  0.75  or 
1.5  pg  His-SENP1CD  was  then  added  to  samples  and  incubated  at  30  °C  for  1  h. 
Reactions  were  terminated  in  SDS  sample  buffer  and  reaction  products  separated 
by  SDS-PAGE  gels. 

To  determine  the  effects  of  PIASy  on  NEMO  sumoylation  in  vitro ,  pFlag- 
CMV-2  PIASy  wild- type  and  pFlag-CMV-2  PIASyC342/347A  expression  constructs 
were  transiently  transfected  into  HEK293  cells.  Cell  extracts  were  prepared  from 
these  cells  24  h  following  transfection  in  immunoprecipitation  buffer  (20  mM 
Tris-HCl,  3  mM  EDTA,  3  mM  EGTA,  250  mM  NaCl  at  pH  7.4).  PIASy  protein 
was  immunoprecipitated  by  addition  of  anti- Flag  antibody  and  Gamma  Bind  G- 
Sepharose.  The  immunoprecipitates  were  washed  in  high  salt  immunoprecipita¬ 
tion  buffer  (20  mM  Tris-HCl,  3  mM  EDTA,  3  mM  EGTA  and  500  mM  NaCl  at 
pH  7.4)  with  10  mM  sodium  fluoride,  1  mM  sodium  orthovanadate,  2  mM  DTT, 
1  pg  aprotinin  per  ml  and  0.5  mM  PMSF  four  times,  followed  by  washing  two 
times  with  in  vitro  sumoylation  buffer  (50  mM  Tris  and  5  mM  MgCl2  at  pH  7.6) 
with  1  pg  aprotinin  per  ml  and  0.5  mM  PMSF.  Immune  purified  PIASy  beads 
(20  pi)  were  added  to  the  sumoylation  reaction  as  stated  above  but  incubated  at 
30  °C  for  110  min. 

To  detect  in  vivo  sumoylation  of  NEMO,  cells  were  rinsed  twice  with  PBS, 
harvested  and  pelleted  by  centrifugation.  The  cell  pellets  were  then  lysed  in  an 
immunoprecipiation  buffer  (20  mM  Tris-HCl,  3  mM  EDTA,  3  mM  EGTA  and 
250  mM  NaCl  at  pH  7.4)  in  the  presence  of  1%  SDS,  protease  and  phosphatase 
inhibitors24,  as  well  as  10  mM  N-ethylmaleimide  and  3  mM  iodoacetamide. 
Samples  were  then  boiled  for  20  min  to  denature  proteins  and  spun  down  to 
remove  cellular  debris  and  inputs  from  this  lysate  were  taken.  Samples  were  then 
diluted  to  0.1%  SDS  with  immunoprecipitation  buffer.  Myc-NEMO  or  endog¬ 
enous  NEMO  was  immunoprecipitated  with  anti-Myc  or  anti-NEMO  antibody, 
respectively,  on  Protein  G-Sepharose  beads  overnight  and  washed  with  immu¬ 
noprecipitation  buffer  four  times.  Final  immunoprecipitates  were  boiled  in  SDS 
sample  buffer,  separated  by  SDS-PAGE  gels,  transferred  and  immunoblotted  as 
previously  described25. 

Cell  fractionation.  Briefly,  nuclear  and  cytoplasmic  extracts  were  generated  through 
hypotonic  shock  followed  by  nuclei  extraction  with  salt  as  previously  described25. 

Statistical  analysis.  Statistical  analysis  was  performed  with  SigmaStat  3.0  software 
(SYSTAT  Software,  Inc.,  Richmond,  CA).  Mean  values  with  equal  variance  were 
compared  using  and  unpaired  f-test.  Mean  values  with  unequal  variance  were 
compared  using  the  Many- Whitney  Rank  Sum  test. 

Note:  Supplementary  Information  is  available  on  the  Nature  Cell  Biology  website. 
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Figure  SI:  a.  HEK293  cells  were  transfected  with  control  or  siRNAs  against  different 
SUMO  ligases.  Cells  were  treated  with  10  pM  VPI6  for  60  minutes  or  lOng/mL  TNFa 
for  15  minutes.  Total  cell  extracts  were  made  and  NF-kB  activity  was  measured  using 
EMSA.  b.  HEK293  and  HEK293  1kBcx-S32/36A  stable  cells  were  treated  with  10  |jM 
VPI6  for  3  hours.  RNA  from  cells  was  isolated  and  RT-PCR  was  performed  using  IL-8 
and  GAPDH  primers,  c.  HEK293  cells  were  transfected  with  control  or  PIASy  siRNAs 
and  treated  w  ith  increasing  doses  of  VPI6  for  3  hours.  RNA  was  isolated  and  analyzed 
for  IkBoc  using  quantitative  real  time  RT-PCR.  d.  CEM  cells  were  transfected  with 
control  or  PIASy  siRNAs  and  treated  with  10  |iM  VP16  for  6  hours.  Samples  were 
analyzed  for  p21  using  quantitative  real  time  RT-PCR. 
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Figure  S2:  u.  Light  exposure  of  in  vitro  translated  NEMO  assay  pe  formed  in  b.  b.  In  vitro  translated  35S- 
meLhio nine -labeled  HA- NEMO  was  added  to  in  vitro  SLMOylation  reaction.  SUMO  El  and  L2  were 
added  as  slated  in  materials  and  methods.  Samples  were  run  on  an  SDS-PAGE  gel*  fixed,  and  exposed  to 
film  A I  te m at i  ve  1  y ,  reac  lion  p ro d u et s  we  re  ho il  ed  i  it  1  %  S D S  an  d  i  i n m u  n o prec  i  pi  l at e d  w  i  t  h  an  an i \  - H  A 
antibody  and  analyzed  as  stated  above.  c„  HEK293  cells  were  transfected  with  0.15,  0.5,  1.5,  and  4.0  jig  of 
Xenopus  PIASy  (Myc-xPIASy)  DNA.  Cells  were  treated  with  10  jiM  VP16  for  75  minutes,  lota  I  cells 
extracts  were  measured  for  NF-kB  activity  hy  EMSA.  cl,  HEK293  ceils  were  transfected  with  PIASy 
siRNA  (oligo#2)  and  0.2  u g  Myc-xPIASy  DNA.  Cells  were  treated  with  10  JiM  VPJ6  for  120  minutes, 
NF-kB  activity  was  measured  as  in  c.  e.  hi  vitro  translated  35S- methionine- labeled  HA-NEMO  was  added 
to  SUMO  reaction  as  in  a.  Reactions  were  performed  in  the  presence  of  different  SI 'MO  protein  isoforms: 
SUMO-1  (lanes  1-3),  SUMO- 2  (lanes  4-6),  or  SUMO -3  (lanes  7-9),  0.5  |ig  of  His-xPIASy  was  added  to 
the  SUMO  reaction  The  mixture  was  incubated  at  30  °C  for  75  minutes  and  terminated  in  2xSDS  sample 
buffer.  Samples  were  run  on  an  SDS-PAGE  gel,  fixed,  and  exposed  to  film.  Alternatively,  terminated 
reaction  end  products  were  western  blotted  and  probed  with  mouse  anli-SUMO-1  and  rabbit  anti-SUMO-2 
(which  also  recognizes  SUMO-3),  showing  that  Hts-xPIA3\  can  promote  modification  of  reticulocyte 
proteins  by  SUMO- 1.  -2  and  —3  even  though  it  preferentially  promotes  SUMO- 1  modification  of  NEMO. 
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Figure  S3:  a.  A  similar  experiment  as  shown  in  Figure  3g  was  performed  using 
immunopuril'ied  human  Flag-PIASy  instead  of  His-xPIASy.  The  SUMOylalion  banding 
palters  of  different  NEMO  mutants  arc  nearly  indistinguishable  from  those  shown  in 
Figure  3g.  b.  HEK293  cells  were  transfected  with  Flag-PIASy,  Myc-NEMO,  and  Flag- 
PIASy-CA.  Cells  were  harvested  and  lysed,  and  cell  extracts  were  i m munoprecipi tated 
using  anti-Flag  antibexiy.  Western  blotting  was  performed  using  anti-Myc  and  anti- 
FLAG  antibodies,  c.  HEK293  cells  were  transfected  with  Flag-PIASy  and  Myc-NEMO 
mutants.  Cells  were  im munoprecipi lated  with  an  anti-Flag  antibody  and  probed  with  an 
HRP-conjugated  anti-Myc  antibody,  d.  HEK293  cells  were  transiently  transfected  with 
HA-PlASy,  Flag-IKKp.  and  Myc-NEMO  constructs.  Flag-IKKp  was  titrated  in 
increasing  DNA  ratios  with  PlASy.  Cell  extracts  were  immunopredpitated  with  an  anii- 
HA  antibody  and  probed  with  anti-Flag  and  H  RP-conjugated  anti-HA  and  anti-Myc 
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SUPPLEMENTARY  INFORMATION 


Mabb  et  a  I -Supplemental  Figure  S4 


RT-PCR  Primers  +  strand 

-  strand 

GAPDH :  5'  -GTCTT  ACT  CCTT  GGAGGCCAT  G-3' 

5'  -  ACCCCTT  C  ATT  GAOCT  C  A  ACT  AC-3 f 

Pc2 : 5’  -GAGA  AC  AT  CCT  GGACCCCAGGC-3' 

5-CF  GGGCGCCT  CCTT  GT  GGCCGC-3 f 

PIAS1 : 5’  -GA  ACTCCAAGTACT  GTT  GGGCT  -3' 

5-CGG  AT  GG  ACT  GGGT  G  A  A  G  A  GCT  -3  ’ 

PI  AS3 : 5’  -GGTGCTT  CTT  GGCTTTGCT  GGC -3' 

5-GCr  GGCT  AGA  AGT  GGATGCAAG-3 1 

P 1  ASxtt:  5’-CCAGCCAACEGTGT  ACAAAAATAG-3' 

5-TT  CTTT  GTTCT  CCTGGCA A AT  C-3 1 

P 1 A  S  X  p :  5'  -CCAGCCA ACCGTGT AC A A A A  AT  A  G -3 1 

5-CT  GGTGGT  GGT  GAC  AGACGT  AC-3' 

PI  ASy :  5’  -CTTTAAT  ATGCTGGATGAGCTG-3' 

5,-CTCO'TGACCAGTGCC^TGCAC-3, 

AL1 36/M  MS21  -like :  s  -tgcaggtcagcgtca  atgccac-3' 

5-GCA  CTT  C  AGGG  AC  ACCTT  GAT  A  -3 1 

1 L-8 : 5’  -T  GCAGCT  CTGTGTGA  AGG-3’ 

5'-CT  CAGCCCT  CTT  CA  A  A  A  AC-3  ’ 

siRNA  Oligonucleotides 


Control :  S'-UACCGUCUCCACUUGAUCGdTdT-S1 

5 T  -CGAUCA  A  GUGGAGAC  GGUA  dT  dT-3 T 

PI  ASy  oligo  #2:5'-caagacagguggaguugauuu-3' 

5'  -PAUCA  ACUCC  ACCU GUCUUGUU -3 ' 

PIASy  oligo  #4:5’-AAGCUGCCGUUCULIUAAUAUU-3, 

5’  -FU  A  UU  A  A  A  G  A  ACGGCA  GCUUUU -3 ' 

Real  Time  RT-PCR  Primers 


GAPDH :  5’  -GA  AGGTCGG-AGTCAACGGATTT -3’ 

5*  -GA  ATTTGCCATGGGT  GG  A  AT  -3 + 

1  L-8 : 3’  -GCAGCT  (ITT  GT  GT  GA  AGGT  GC -3  ’ 

5T  -CGCAGT  GT  GGT  CCACT  CT  CA  -3  ’ 

1  kBo:  5’  -GCT  ACC  A  ACT  ACA  AT  GGCGACA  -3’ 

5T  -T  AGCC  AT  GOAT  AGA  GGCT  AAGT  GT  AGA  -3  * 

p21 : 5’  -GCAGACCAGCAT  GACAGATTT  C-3’ 

5T  -GCGGATT  AGGGCTTCCT  CTT  -3* 

Figure  S4:  Sequences  of  RT-PCR  primers  and  some  of  the  siRNA  oligos  used  in  this 
study* 
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b. 


a. 


siRNA:  C 

T  C  V 


PIASy 

-  T  C  V 


1  2  3  4  5  6  7  8 


siRNA:  C  PIASy 


VP16:  -  45  60  90  -  45  60  90 

kDa 


1  2  3  4  5  6  7  8 


c. 


+  -  -  +  :ISf  AC 

-  +  -  -  +  :PDTC 

kDa  "  +  +  +  :VP16 


Figure  S5:  Full  scans  of  original  EMSA  gel  and  Western  blots,  a.  Full  scan  of  the  Lop 
panel  of  Figure  lb  EMSA  gel.  n.s.  refers  to  a  nonspecific  band,  b.  Full  scan  of  the  top 
panel  of  Figure  2a  SUMO-1  Western  blot.  h.c.  refers  to  IgG  heavy  chain  and  I.c.  refers  to 
light  chain,  c.  Full  scan  of  the  top  panel  of  Figure  5a  SUMO- 1  Western  blot. 


WWW.  NATU  RE.CO  M/  NATU  REC  ELLBI O  LO  GY 


©  2006  Nature  Publishing  Group 


5 


